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Summary
Many differentiated animal cells, and all higher plant cells,
build interphasemicrotubule arrays of specific architectures
without benefit of a central organizer, such as a centrosome,
to control the location and geometry of microtubule nucle-
ation. These acentrosomal arrays support essential cell
functions such as morphogenesis [1, 2], but the mecha-
nisms by which the new microtubules are positioned and
oriented are poorly understood. In higher plants, nucleation
of microtubules arises from distributed g-tubulin ring com-
plexes (g-TuRCs) at the cell cortex that are associated pri-
marily with existing microtubules [3–5] and from which
new microtubules are nucleated in a geometrically bimodal
fashion, either in parallel to the mother microtubule or as
a branching event at a mean angle of approximately 40
to the mother microtubule. By imaging the dynamics of indi-
vidual nucleation events in Arabidopsis, we found that a
conserved peripheral protein of the g-TuRC, GCP-WD/
NEDD1 [6–8], associated with motile g-TuRCs and localized
to nucleation events. Knockdown of this essential protein
resulted in reduction of g-TuRC recruitment to cortical mi-
crotubules and total nucleation frequency, showing that
GCP-WD controls g-TuRC positioning and function in these
interphase arrays. Further, we discovered an unexpected
role for GCP-WD in determining the geometry of microtu-
bule-dependent microtubule nucleation, where it acts to in-
crease the likelihood of branching over parallel nucleation.
Cells with normally complex patterns of cortical array orga-
nization constructed simpler arrays with cell-wide ordering,
suggesting that control of nucleation frequency, posi-
tioning, and geometry by GCP-WD allows plant cells to build
alternative cortical array architectures.
Results and Discussion
The structure and function of cytoskeletal arrays rely critically
on where and when new cytoskeletal polymers are created
and how they are positioned relative to each other and the
cell. Across eukaryotes, microtubules are nucleated from a
conserved core protein complex composed of g-tubulin, g
complex protein 2 (GCP2), and GCP3, termed the g-tubulin
small complex [9]. With the exception of budding yeast, these*Correspondence: ehrhardt@stanford.educore proteins interact with GCP4, GCP5, and GCP6 to form
the g-tubulin ring complex (g-TuRC) [9]. In mitotic microtubule
arrays, g-tubulin is found both at the centrosomal poles and
in the body of the spindle itself. In human cells, a g-TuRC-
associated protein, GCP-WD [10], has emerged as a targeting
factor for g-tubulin to both locations, and is required for
appropriate spindle assembly [6, 7]. This targeting function
may not be shared by all centrosomal cells, however, as ho-
mologs of GCP-WD in Drosophila and the frog Xenopus laevis
are shown to interact with the g-TuRC but are not required for
targeting it to centrosomes [11, 12]. Although plants lack cen-
trosomes, loss of GCP-WD function is lethal, being required
for cell division in gametogenesis [13]. Although these studies
point to an essential role for GCP-WD in the creation and
function of mitotic arrays in human and plant cells, whether
and how recruitment of g-TuRCs by GCP-WD is utilized to
build and organize interphase arrays are unclear. Dgp71WD,
the Drosophila homolog of GCP-WD, was localized to inter-
phase microtubules in S2 tissue-culture cells [14], where
knockdown of expression reduced localization of g-tubulin.
However, nucleation was not measured in these studies,
and g-TuRC function was reported not to be critical for overall
microtubule organization. Here we investigate the dynamics
and function of GCP-WD in the acentrosomal interphase ar-
rays of higher plants, where individual nucleation events
and their mediating proteins can be imaged and quantified
in differentiated cells.
To investigate the possibility that GCP-WD acts to position
g-TuRCs and microtubule nucleation in interphase arrays, we
first built a functional probe to assess its localization and dy-
namics. Expression of GCP-WD-GFP from native sequence
complemented the gametophytic- and embryonic-lethal phe-
notypes of the nedd1/gcp-wd null mutant (Figures S1A and
S1B available online), and adult plants showed normal growth
and development with the exception of mild twisting in etio-
lated hypocotyls. When crossed into plants expressing either
mCherry-TUA5 or mCherry-TUB6 to label microtubules,
GCP-WD-GFP localized to root mitotic microtubule arrays
and the nuclear envelope (Figures S1C and S1D), consistent
with previous immunocytochemical results [13].
To quantify GCP-WD-GFP localization and dynamics, we
imaged the cortex of developing pavement cells, epidermal
cells in leaves with cortical arrays of relatively low density.
Spinning disk confocal microscopy revealed that GCP-WD-
GFP appeared as discreet and dynamic particles at the cell
cortex, which stabilized at fixed positions where the majority
(73%) had brief residency times of 20 s or less (Figure 1G).
This positional stabilization of label was termed ‘‘recruitment’’
[5]. The rate of recruitment to the cell cortex varied from cell to
cell, with a mean of 3.6 6 1.6 particles per 100 mm2 per min,
and was predominantly associated with locations defined by
microtubules (Figure 2A). Dependency of cortical recruitment
on microtubule function was tested by disassembly of micro-
tubules with oryzalin, which reduced mean cortical recruit-
ment of GCP-WD-GFP approximately 4-fold (Figure S2A) and
mean residency time approximately 3-fold (Figure S2B).
Thus, GCP-WD-GFP was preferentially recruited to the cell
cortex as discreet particles along microtubules.
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Figure 1. Branching and Parallel Modes ofMicro-
tubule Nucleation from Locations Defined by
GCP-WD-GFP Particles in Pavement Cells
(A) Time series showing a branched nucleation
event. Arrowheads indicate the GCP-WD-GFP
particle at the site of nucleation. Arrows indicate
the growing end of a nucleated microtubule.
The scale bar represents 2 mm.
(B) The dashed blue line shows the location of the
kymograph line.
(C) Kymograph of the event shown in (B). The
scale bar represents 2 mm.
(D) Time series showing a parallel nucleation
event. Top: growing plus ends generated by a
positive difference image subtraction method
[20] (green), superimposed on mCherry-TUA5
(gray scale). Arrowheads indicate the GCP-WD-
GFP particle at the site of nucleation. Arrows indi-
cate the growing end of a microtubule nucleated
in parallel to the pre-existing microtubule. The
scale bar represents 2 mm.
(E) The dashed blue line shows the location of the
kymograph line.
(F) Kymograph of the event shown in (E). The
scale bar represents 2 mm.
(G) Histogram of GCP-WD-GFP residency times.
(H and I) Histograms of residency times where
nucleation was detected versus not detected.
(J) Probabilities of detecting nucleation of
different modes (n = 172 events in 7 cells, 5
seedlings).
(K) Histogram of microtubule branching angles.
(L) Histogramof time intervals betweenGCP-WD-
GFP recruitment and detection of nucleation.
See also Figures S1 and S2 and Movies S1
and S2.
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2549Microtubule nucleation was associated with GCP-WD-GFP,
with new growth detected to originate at 21% of recruited
GCP-WD-GFP particles (Figures 1A–1F and 1J; Movies S1
and S2). Branching nucleation was observed over parallel
nucleation by a 1.6:1 ratio (Figure 1J), with a mean angle of
41.6 6 8.6 relative to the mother microtubule (Figure 1K).
Nucleation likelihood was correlated positively with the resi-
dency time of GCP-WD-GFP particles, with a mean residency
of 47.5 s6 25.48 for particles atwhich nucleationwas detected
versus 11.36 s6 8.63 where it was not (Figures 1H and 1I). The
mean time to detect nucleation after initial GCP-WD-GFP
recruitment was 11.5 s 6 6.3 (Figure 1L). These residency
times, densities, degrees of association with cortical microtu-
bules, and nucleation parameters were all similar to values we
previously measured for core g-TuRC proteins in hypocotyl
cells [5], suggesting that GCP-WD is a component of most, if
not all, active g-TuRCs associated with cortical microtubules
in interphase plant cells.Imaging at a 50-fold faster rate re-
vealed evidence for motility of GCP-
WD-GFP particles in 60% of arrival
events and 48% of departure events
in etiolated hypocotyl cells (Figure 2B)
(25 events, 15 cells in 6 seedlings)
compared to 83% and 75%, respec-
tively, for arrival and departure of
GCP2-GFP (24 events, 6 cells in 4 seed-
lings). These observations indicate
that the majority of the GCP-WD-GFP
particles, like GCP2-GFP particles [5],appear to arrive at the cell cortex as a part of preassembled
motile protein complexes. Nonetheless, we cannot exclude
the possibility that at some locations the appearance and
disappearance of immobilized GCP-WD-GFP label represents
complex assembly and disassembly.
If GCP-WD acts as amicrotubule recruitment factor, it would
beexpected tobeassociatedwithmotileg-TuRCsprior to their
recruitment or to mark the recruitment site prior to g-TuRC
arrival. To investigate the dynamic relationship of GCP-WD
to the core complex, we coexpressed GCP-WD-GFP and
GCP2-mCherry. Both probes showed strong colocalization at
mitotic arrays in roots (Figure S1E), but in some transgenics,
GCP-WD-GFP showed evidence of localizing to small and
bright particles consistent with aggregates. We concentrated
our analysis on transgenic lines that showed lower levels of ex-
pressedGCP-WD-GFP andno evidence of such aggregates. In
etiolated hypocotyl cells, 74% of GCP2-mCherry particles re-
cruited to the cell cortex were also marked by GCP-WD-GFP.
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Figure 2. Colocalization of GCP-WD-GFP Particleswith Cortical Microtubules,Motility of GCP-WD-GFPParticles, andColocalization of GCP-WDandGCP2
(A) High colocalization of GCP-WD-GFP recruitment with the cortical microtubule signal. Left: first frame of a GCP-WD-GFP particle recruitment event map-
ped onto the image of thresholded microtubule signal for that same frame. Right: mapped recruitment events displayed on a frame-averaged image of an
mCherry-TUA5 signal for the series. Statistics are reported on the far right. The scale bar represents 10 mm.
(B) GCP-WD-GFP particle shows motility before it stabilizes at a fixed location. Below each image is a map of the particle trajectory where the current po-
sition is shown as a green circle and past positions are shown as blue lines. The scale bar represents 2 mm.
(legend continued on next page)
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GCP-WD Governs Nucleation Position and Geometry
2551GCP-WD-GFP label arrived in the same image frame as the
core complex marker 74% of the time (Figure 2C) and was
detected at the recruitment site first 24% of the time. The two
labels often showed dynamic colocalization (Figure 2D), which
was frequently observed prior to recruitment (Movie S3) (18 of
35 GCP2-mCherry recruitment events, 19 cells in 6 plants).
GCP-WD-GFP detection after recruitment of the core complex
was rare (1 of 74 events). Taken together, these observations
indicate that GCP-WD is often associated with motile g-TuRCs
prior to their recruitment, consistentwith a function asa recruit-
ment factor. Although GCP-WD was sometimes observed to
mark recruitment sites first, these observations may have
been due to the statistics of detecting the dim GCP2-mCherry
signal characteristic of the double-transgenic plants.
To assess GCP-WD function in postzygotic cells and to test
the hypothesis that it acts as a recruitment factor in interphase
arrays, we knocked down GCP-WD expression by RNAi
(Figure S3C). RNAi plants exhibited dwarfism, which wasman-
ifest 6–7 days after germination (Figures S3A and S3B). As an
independent test, we overexpressed a conserved C-terminal
fragment of GCP-WD (Ct-GCP-WD OX) fused to CFP (Figures
S3D–S3F), the homolog of which was shown to severely impair
GCP-WD function in mammalian cells [6, 7]. This dominant-
negative approach yielded similar phenotypes as observed
with RNAi (Figures S3A and S3B). Thus, two independent
means of impairing GCP-WD function compromised plant
growth and development. These growth and development
phenotypes are consistent with those observed in knock-
downs of g-tubulin and core g-TuRC proteins [15–18].
To visualize the subcellular phenotype, GCP-WD function
was impaired in plants expressing GCP3-GFP and mCherry-
TUB6. In mature pavement cells, the mean recruitment rate
of GCP3-GFP at the cell cortex was cut approximately in half
in GCP-WD RNAi plants as compared to wild-type (Figure 3A;
p < 0.005, Mann-Whitney U test; Movie S4). A similar propor-
tion of g-TuRC recruitment events was observed to colocalize
with cortical microtubules in both wild-type and GCP-WD
RNAi cells, at 89%and 83%, respectively. To estimate the spe-
cific recruitment rate to cortical microtubules, we determined
recruitment events relative to the normalized microtubule
signal (NMS; see the Supplemental Experimental Procedures).
Recruitment to cortical microtubules was observed to drop
about 60% in the GCP-WD RNAi cells (Figure 3B). Thus,
GCP-WD function was required for normal rates of g-TuRC
recruitment to cortical microtubules.
Reduced g-TuRC recruitment to cortical microtubules in
GCP-WD RNAi cells was associated with an approximately
50% drop in nucleation frequency as compared to wild-type
cells (Figure 3C; p < 0.001, Mann-Whitney U test). As with
recruitment, nucleation frequency relative to microtubule
lattice fell about 60% in the GCP-WD RNAi cells (Figure 3D).
Ct-GCP-WD overexpression led to similar reductions in
g-TuRC recruitment and microtubule nucleation frequency
(Figures S4A and S4B). Overall, these results are consistent
with the idea that recruitment of g-TuRCs to cortical microtu-
bules is a rate-limiting step for nucleation in these arrays.
By contrast, the probability of observing nucleation from a
g-TuRC once it was recruited was not significantly affected(C) Simultaneous recruitment of GCP-WD-GFP (blue arrowheads) and GCP2-m
2 mm.
(D) Dynamic colocalization of GCP2-mCherry (yellow arrowheads) and GCP-W
tracks showing particle trajectories. The trajectories are highly correlated. The
See also Figures S1 and S2 and Movie S3.by GCP-WD knockdown (Figure 3I; p = 0.24, Fisher’s exact
test, two tailed). Likewise, the mean time from recruitment
to detection of nucleation was also very similar (Figure 3J;
p = 0.76, Mann-Whitney U test). Taken together, these results
indicate that GCP-WD mediates g-TuRC recruitment to the
nucleation sites in mature pavement cells but does not appear
to regulate the ability of the complex to nucleate once it is
recruited.
Microtubule-dependent nucleation in plant cells is geomet-
rically constrained, with new microtubules generated in either
‘‘branch’’ or ‘‘parallel’’ modes from pre-existing mother micro-
tubules. Mutations in the b0 0 subunit of protein phosphatase 2A
[19] and in the phototropin blue light receptors [20] have been
observed to alter the ratio of branched to parallel nucleation,
suggesting that the branching ratio is regulated. As a recruit-
ment factor, GCP-WD may be positioned between the core
complex and the mother microtubule, making GCP-WD an
attractive candidate for a protein that could help determine
how the complex sits on the mother microtubule, and thus
the nucleation mode. GCP-WD knockdown caused a signifi-
cant drop in the branching nucleation frequency (Figure 3E;
p < 0.0001, Mann-Whitney U test), causing a shift in the pre-
dominant nucleation mode from branched to parallel (Fig-
ure 3F). Ct-GCP-WD overexpression led to a similar drop in
branching nucleation frequency and a shift in the predominant
nucleation mode (Figures S4C and S4D). Thus, GCP-WD
function is important for determining the ratio of branched to
parallel nucleation, making it a possible target of signaling
pathways that regulate the nucleation mode.
In addition to the nucleation mode, the distribution of
branching angles was altered in both GCP-WD RNAi (Figures
3G and 3H) and Ct-GCP-WD OX cells (Figure S4E), with
reduced GCP-WD function resulting in a significant shift to
more shallow angles. Missense mutation of GCP2 and knock-
down of GCP4 have also been shown to cause defects in the
distribution of branching nucleation angles [17, 21]. Taken
together, these results indicate that the quantity and structure
of g-TuRC components are important for constraining the
angle of microtubule-dependent microtubule nucleation.
As pavement cells mature, expansion has been measured
to be approximately isotropic [22], with cortical microtubules
on the outer face of the cell exhibiting a net-like configuration
[2]. By contrast, in GCP-WD knockdown plants, the microtu-
bule cytoskeleton in mature pavement cells appeared well
ordered, composed mainly of parallel microtubules and bun-
dles oriented in both transverse and longitudinal arrangement
relative to the overall shape of the cells (Figure 4A). Confirming
the visual analysis, microtubule organization in GCP-WD
knockdown cells exhibited a significantly higher nematic order
than in wild-type (Figure 4B; p < 0.001, Mann-Whitney U test),
and their density was slightly higher (29 6 6.2 NMS mm22,
n = 20 for WT; 34.98 6 9.0, n = 25 for RNAi; 36.36 6 4.2, n =
13 for Ct-GCP-WD OX; p < 0.05, Student’s t test). When we
disassembled microtubules with cold treatment (220C,
3 min) and then observed cortical array reformation upon re-
turn to ambient temperature (22C), cortical microtubules in
the majority of GCP-WD RNAi cells initially formed a net-
like configuration but organized into ordered arrays withinCherry (yellow arrowheads) at a 5 s time resolution. The scale bar represents
D-GFP (blue arrowheads). Left: select images from the time series. Right:
scale bar represents 2 mm.
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Figure 3. GCP-WD Function Governs g-TuRC Recruitment Frequency, Nucleation Frequency, and Nucleation Mode
(A) Histograms of g-TuRC recruitment frequency in WT and RNAi plants (258 events for WT, 517 for RNAi).
(B) g-TuRC recruitment per NMS (232 events for WT, 430 for RNAi; ****p < 0.0001, Mann-Whitney U test).
(C) Histograms of microtubule nucleation frequency in WT and RNAi plants (65 events for WT, 107 for RNAi).
(D) Nucleation events per NMS (63 events for WT, 103 for RNAi; ****p < 0.0001, Mann-Whitney U test).
(E) Nucleation frequencies in WT and RNAi plants (n = 172 nucleations in 45 cells; ****p < 0.0001, Mann-Whitney U test). Error bars denote SEM.
(F) Nucleation mode in WT and RNAi cells. The ratio of branching to parallel nucleation inverted from 1.8:1 for WT to 0.7:1 for RNAi (p < 0.01, Fisher’s exact
test, two tailed).
(G and H) Histograms of branch nucleation angles. The distributions of the branch angles were significantly different (p < 0.001, Mann-Whitney U test).
(I) Probability of nucleation in WT and RNAi plants (ns, not significantly different). Error bars indicate 95% confidence interval (C.I.).
(J) Mean time to detect nucleation in WT and RNAi cells (11.49 s6 6.3 in WT versus 12.4 s6 8.3 in RNAi). In the boxplot graphs, whiskers denote 1.5 inter-
quartile ranges from the box and circles indicate outlying values beyond the whiskers.
See also Figure S3 and Movie S4.
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Figure 4. GCP-WD Is Required for Cortical
Microtubule Organization and Pavement Cell
Shape
(A) Microtubule organization in WT and GCP-WD
knockdown cells. The scale bar represents
20 mm.
(B) Histograms showing nematic order in WT
(0.23 6 0.14), RNAi (0.52 6 0.18), and Ct-GCP-
WD OX (0.46 6 0.14) cells.
(C) Pavement cell shape in WT and GCP-WD
knockdown plants. Asterisks indicate cell-wall
stubs. The scale bar represents 50 mm.
(D) Histograms showing circularity exhibited
in WT (0.18 6 0.05), RNAi (0.25 6 0.09), and
Ct-GCP-WD OX (0.28 6 0.09) pavement cells
(p < 0.0001, Mann-Whitney U test).
(E) Histograms showing cell size inWT (3,989 mm2
6 1,823), RNAi (5,538 mm26 3,429), and Ct-GCP-
WD OX (5,364 mm2 6 3,905) pavement cells (p <
0.0001, F test for heterogeneity of variance).
See also Figures S3 and S4.
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2553w45min (Figures S3G and S3H). By contrast, cortical microtu-
bules in wild-type cells remained in a net-like configuration.
Together, these results indicate that cortical arrays in pave-
ment cells have an inherent ability to order from a less ordered
state, and that GCP-WD function is required to alter this pro-
cess to produce alternative cortical array architectures.
Assembly of these alternative architectures has been pro-
posed to mediate creation of specialized cell shape [2, 23].
Consistent with this idea, mature pavement cells impaired in
GCP-WD function, exhibiting less complex and more orderedcortical arrays, also had altered and
more simplified shapes, frequently be-
ing larger, more elongate, and with
reduced undulation of their anticlinal
cell walls in comparison to those in
control plants (Figures 4C–4E). Cell-
wall stubs were often observed in addi-
tion, indicative of cytokinetic defects
due to incomplete cell-plate formation.
Thus, GCP-WD function was required
to generate specialized cortical array
organization in pavement cells and
corresponding patterns of cellular
morphogenesis.
Conclusions
Overall, our experiments demonstrate
that GCP-WD function governs nucle-
ation position, rate, and geometry in
plant interphase arrays. Knockdown of
GCP-WD function results in assembly
of microtubule arrays with cell-wide or-
der in cells that normally have more
complex organization, indicating that
control of these nucleation parameters
plays important roles in building arrays
with specialized architectures. The local
activities of small G proteins (Rho of
plants; ROPs) and their effectors have
been implicated in setting up the period
pattern of cortical array organization
in wild-type pavement cells [23]. It is
possible that local regulation ofnucleation complex recruitment and/or geometry are also tar-
gets of ROP signaling, and that global interference with such
regulation interferes with the ability to generate local or period
pattern. A second possibility, and not exclusive to the first, is
that regulation of nucleation geometry may modify the ten-
dency for cortical arrays to self-order. In higher plants,
ordering of cortical microtubules into parallel arrays appears
to involve self-organizing properties of these arrays driven
by the outcomes of microtubule encounters, such as colli-
sion-induced catastrophe, a proposal supported by several
Current Biology Vol 24 No 21
2554modeling and computational simulation studies [24, 25]. A
recent modeling study has predicted further that ordering
driven by such interactions should be sensitive to the length
of microtubules relative to the cell size, with relatively longer
microtubules having a higher tendency for ordering [26]. It is
possible that less frequent nucleation results in fewer but
longer microtubules that have a greater effective length rela-
tive to cell size, thus promoting cell-wide ordering. This might
be true of both amiR-GCP4 plants [17] and GCP-WD knock-
down plants. Driving the mode of nucleation from predomi-
nantly branched to predominantly parallel in GCP-WD knock-
down plants may further encourage the assembly of more
extended microtubule bundles.
The mechanism by which knockdown of GCP-WD function
changes the ratio of branching to parallel nucleation remains
to be determined. The GCP-WD carboxy-terminal domain
that binds g-tubulin has been shown to be a stable tetramer
in solution, whereas GCP-WD is likely to be oligomeric in vivo
[27]. It is possible that variation in the quantity of GCP-WD
protein at the nucleation complex affects the structural confor-
mation of the g-TuRC with respect to the mother microtubule,
influencing the nucleation mode. Future studies in which
the quantity of GCP-WD protein at nucleation sites can be
measured in both wild-type and knockdown backgrounds
could help to address this question. GCP-WD may act
together with other recruitment factors. The augmin complex
has been shown to recruit the g-TuRC to spindle microtubules
in animal cells through GCP-WD [28] and to be required for
assembly of mitotic arrays in plants [29]. It will be important
to investigate whether plant augmin acts in interphase arrays,
and whether GCP-WD could act as a linker between it and the
g-TuRC.
Our findingsmay be relevant for microtubule array assembly
in othermodel systems. Branchingmicrotubule nucleation has
been shown recently to occur inXenopus egg extracts [30] and
at the walls of spindle microtubules in human cells [31], where
daughtermicrotubules grow at a lowbranch angle andwith the
same polarity as mother microtubules. In the processes of
mature neuronal cells, microtubules appear to be assembled
in a polarized fashion without centrosomal function [32].
Because GCP-WD is a highly conserved protein, it may be
an important player in controlling g-TuRC recruitment and
geometry of acentrosomal microtubule generation in these
arrays, as it is in the interphase arrays of higher plants.
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